Among today's rich economies, per capita output levels diverged before converging to the levels of the frontier economy. Since frontier economies grew at stable rates, non-frontier economies display an S-shaped transition path. Along this transition, there are "catapult effects": longer episodes of stagnation are associated with faster subsequent rates of convergence to the frontier. Many of today's poor countries also follow this pattern of growth. We construct and quantitatively assess a model that captures the S-shaped transition with catapult effects. Deviations in per capita output from frontier levels are endogenous, while conventional growth accounting would classify these as TFP differences.
Introduction
During the post war period, the levels of per capita output among the rich economies of the world displayed a remarkable convergence. This fact has motivated the construction of aggregate models which can explain the growth dynamics of these economies. Lead by the post war data, such models feature (i) constant growth rates for frontier economies and (ii) falling growth rates for economies converging to the frontier economy levels of per capita output.
Applying these features to longer time series beginning from the time of the Industrial Revolution, the assumption of constant growth rates in frontier economies is robust.
However, the transition path to the frontier displays rising then falling growth rates which implies an S-shaped transition path for log per capita output. Specifically, we observe divergence in log per capita output relative to frontier economies, before convergence. As in Lucas (2007) , the goal of this paper is to construct and quantitatively assess a model of S-shaped transition. function of the first year it reached a per capita output level of $2000. 5 We label this the "catapult effect," which is an empirical target of our model.
S-shaped transition and the catapult effect define an ordered pattern of cross country growth which we believe is a useful way to understand growth dynamics of many rich and poor countries.
Figures 3a-3d demonstrate how this pattern can be applied to the growth pattern of poor countries since 1820. 6 The graphs for sample economies are organized by region and compared with the per capita income path of the U.S. and Portugal (which we may regard as "contours" along the growth pattern). Eastern European countries are consistent with this pattern until about 1970. For Latin America, countries such as Argentina after 1960 deviate from the pattern while others (Mexico and Brazil) follow the pattern until the 1980s. For Asia, the diversity of growth experiences is captured well by the proposed pattern of growth (including for China and India). Finally, for West Asia and Africa, countries such as Egypt and Jordan offer mixed results. Overall, the S-shaped transition and the catapult effect provide a useful benchmark pattern of growth, deviations from which may arise for country specific reasons.
In growth accounting, time series and cross-sectional differences in per capita output not accounted for by schooling, physical capital, and labor force participation are labelled TFP differences. In our model, such unaccounted deviations in per capita output from the frontier economy levels are endogenous. In this sense, we provide a theory of TFP differences. We apply our theory to both today's rich and non-rich countries and assess how well it accounts for the cross country evolution of income inequality since 1820.
We consider a dual economy which makes a gradual compositional change from activities with zero labor productivity growth, the "traditional sector," to activities with positive exogenous labor productivity growth, the "modern sector." Despite the productivity growth differences, the two sectors coexist and aggregate productivity can remain stagnant for a long while due to the presence of adjustment costs.
These adjustment costs are summarized by two assumptions (a) sector specific organization capital accumulated through learning, and (b) complementarity between labor and organization capital. As in Chari and Hopenhayn (1991) , the complementarity between labor and sector-specific organization capital implies that entry into the modern sector by young agents who supply labor, is limited by the stock of organization capital today.
Meanwhile, today's young entrants in turn determine tomorrow's stock of organization capital, and so forth. As in Boyd and Prescott (1987) , organization capital is acquired over several generations of workers, and its stock is transferred from one generation to another.
The speed and slope of transition to the steady state (where modern sector technology is used exclusively) depend on the initial distribution of organization capital across sectors.
Despite a sustained productivity growth in the modern sector, aggregate output can remain stagnant for a long while, and then accelerates before decelerating, generating an S-shaped transition path. Rather than speculating on the source of initial differences in this distribution, our goal is to emphasize the mechanism by which historical differences can have persistent effects today.
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Countries with a lower initial level of organization capital in the modern sector will remain stagnant for longer since it takes time for a significant share of workers to move into the modern sector. However, there is an exogenous constant labor productivity growth in the modern sector. As a result, countries with longer episodes of low economic growth will grow much faster once a significant mass of the labor force is in the modern sector.
Intuitively, this generates the catapult effect.
In the quantitative analysis, we treat the Industrial Revolution as an unexpected arrival of exogenous productivity growth in the modern sector. We calibrate the model such that economies with different initial levels of organization capital in the modern sector are in steady states before the Industrial Revolution, and analyze their transition paths to the new steady state following the Industrial Revolution. For each economy, we use non-agricultural labor shares as a proxy for the modern labor share in the data when calibrating the initial organization capital in the modern sector. We then assess whether the simulated paths of sectoral labor force transition and per capita output conform with cross country data over the period from 1820-2000. This analysis requires us to map simulated paths of labor efficiency (related to TFP) into implied paths of per capita output. We construct a method for evaluating the long term TFP elasticity of per capita output using cross country time series data, and compare with existing results which have used cross sectional data from the U.S.
The paper is organized as follows. Section 2 reviews the related literature. Section 3 introduces the model. Section 4 discusses the calibration procedure. Section 5 discusses the simulation results and assesses the performance of the model in explaining the evolution of per capita output inequality for both the currently rich and poor countries.
Section 6 concludes.
Literature
The theoretical contribution of this research is to show that combining sector specific complementarity and dual economy transition generates S-shaped aggregate growth dynamics.
Chari and Hopenhayn (1991) consider the role of technology-specific labor-vintage human capital complementarity in a steady state framework (linear aggregate growth). In a multisector economy, Kremer and Thomson (1998) show when labor and skill are complements (where the level of skill is a decision variable), the aggregate transition path to steady states must be concave. We show when labor and organization capital acquired through learning are complements, the transition path will be convex before becoming concave in a dual economy, generating the S-shaped transition, a key to the analysis. ) for the U.S. takes the learning process as given whereas we take the source of gradual learning as arising from complementarities in production. Empirically, the contribution of our analysis is to provide a first attempt at applying mechanisms of sector specific complementarity to account for long run levels and dynamics of cross-country inequality. input. More importantly though, we seek to interpret and measure the source of cross country TFP differences as arising from differences in the composition of organization capital across sectors in a dual economy, and to endogenize the evolution of TFP over time in a manner consistent with the long-run time series data. that longer episodes of divergence are followed by faster episodes of convergence relative to the frontier. Lucas (2007) also argues that to match these facts, a dual economy framework where only one sector can benefit from the technological spillover of the frontier is needed.
We provide a microfoundation for this spillover and gradual transition which we assess quantitatively.
Using individual earnings data for Thailand for 1976-1996, Jeong and Kim (2006) confirm that detailed occupational categories can be partitioned into zero and positive labor productivity growth activities. Their estimates of technology parameters confirm the presence of sector specific complementarity between labor and experience and S-shaped transition. The current paper targets cross-country differences in growth outcomes, and models the sector specific complementarity between labor and organization capital, the stock of which accumulates through the work experience acquired over generations. 
Preferences and Technology
Consider a two-period overlapping generations economy with constant cohort population size normalized to 1. Lifetime preferences of cohort born at date t are
where c 1,t denotes the consumption at date t when young, c 2,t+1 the consumption at date t + 1 when turning old, β ∈ (0, 1) the time discount factor. 11 The lifetime budget constraint is given by
where y 1,t denotes the income when young and y 2,t+1 the income when old.
We model efficiency units of labor which is mapped into aggregate output (together with schooling and physical capital) later in the empirical section. Thus, in the model, there is one homogenous good called "efficiency units of labor," which is produced in either the traditional sector or the modern sector. The efficiency units of labor LY k,t in sector k at date t is a constant returns to scale function of raw labor L k,t and sector-specific organization capital E k,t , (k = T for traditional sector and M for modern sector) such that
The key identifying assumption of the modern sector is there exists sustained exogenous growth in labor productivity, i.e. γ > 1, which is absent in the traditional sector.
12 X is a parameter governing the relative productivity level between the two sectors. The aggregate efficiency units of labor LY t at date t is defined as
Young agents supply one unit of raw labor either to the traditional sector or to the modern sector. Once old, they acquire one unit of organization capital specific to the sector they worked in when young through learning. Old agents transfer newly acquired organization capital to the next generation through "firms."
Let N t and M t denote the measures of young agents who enter the traditional and modern sectors respectively at date t, which means L T,t = N t and L M,t = M t . The resource constraint for labor allocation for each date t is
We consider the possibility of intergenerational spillovers of the organizational capital. Let λ be the depreciation factor of organization capital across generations (which is common between sectors), and S k the finite number of future generations for which organization capital newly acquired by the current old affects future outputs in sector k. 14 Then, the organization capital E k,t in each sector k at date t is given by
Note that N t = 1 − M t and the state variable of the economy at date t is the history of the cohort shares of the modern sector
Lifetime earnings
We consider a decentralized economy where firms hire young and old workers from competitive labor markets, and offer workers wages equal to marginal products (where output is expressed in efficiency units of labor). Specifically, each period, the firm pays young workers their marginal product of labor and old workers their marginal product of organization capital for their contribution to current output. Firms also pay today's old workers the present value of the marginal products of their organization capital for the contribution to future outputs over the spillover S k periods.
A key assumption is that in the modern sector, labor and organization capital com-
The present value of the lifetime earnings in modern sector can be characterized as follows.
Defining f
. Complementarity of labor and organization capital in equation (9) implies f 0 decreases in
while π increases in
For an agent entering the modern sector in period t, the young-period earnings (w 1M,t )
is the marginal product of labor and and the old-period earnings (w 2M,t+1 ) is the sum of the marginal product of organization capital to current output and the marginal product of organization capital to future outputs. That is,
and the lifetime earnings of the modern sector for cohort t is (10)
We 
Note that this lifetime earnings is constant across generations and over time.
Value of firms
We define the difference between current output and total payments from firms to young and old workers (in terms of efficiency units of labor) as "dividend." Firms earn dividends accruing from the marginal product of accumulated organization capital from previous generations. The dividend d M,t in the modern sector at date t is
The dividend d T,t in the traditional sector at date t is
Then, the "value" of firms (in terms of efficiency units of labor) in each sector consists of the discounted stream of future dividends. That is, the value of firms in each sector at date t is
The value of firms varies over time in each sector due to the compositional changes in labor and organizational capital, which is captured by the state variable M t . In the modern sector, unlike the traditional sector, the value function depends on time due to the presence of exogenous productivity growth. Note if there are no intergenerational spillovers in organization capital (i.e., S k = 0), the value of firms in each sector k is zero (V k,t = 0) for all dates.
In this two-period overlapping-generations economy, the old generation owns the firms and old agents transfer the firms to young agents after realizing dividends. Hence, the transfer payments p M,t of the young to the old for the modern firms at date t is
and the transfer payments p T,t of the young to the old for the traditional firms at date t
Note that the present-value return for the young to buy the sector k firm is
From the valuation equations (16) and (17),
, hence the net return from owning the firms is zero. That is, there is no room for intergenerational arbitrage from firm transactions. Thus, the young, regardless of his decision of which sector to enter and also regardless from whom he or she buys the firms, is indifferent between owning modern and traditional firms. Moreover, their decisions to acquire firms have no net effect on their lifetime income since the return to acquiring one unit of firms is just the interest factor R. This implies that lifetime utility is determined by the lifetime earnings only, independent of the decision to purchase firms.
Competitive equilibrium
A competitive equilibrium consists of a sequence of modern sector cohort shares {M t } ∞ t=0 , factor prices and consumption such that at each date t, (i) agents earn wages equal to their marginal products, (ii) given interest factor R, agents choose which sector to work, and how much to consume each period to maximize their lifetime utility (1) subject to budget constraint (2), lifetime incomes (10) and (11), (iii) the resource constraint (6) is satisfied (iv) no-arbitrage conditions (16) and (17) for firm valuation hold and the market for firms clears.
Given the linear preferences of (1), the equilibrium interest rate equals R = 1 β , as long as the of cohort young agents are not constrained in their firm purchase given their young period earnings. 16 This implies the market for firms clears. In equilibrium, ex ante identical young agents in period t choose which sector to work in by comparing the sectoral lifetime earnings in (11) and (10) . If young agents coexist in both sectors in period t, then M t ∈ (0, 1), and the lifetime earnings equalize across sectors. Then the indifference condition during transition is
. Once young agents exclusively enter the modern sector at some specific endogenous date τ , the terminal indifference conditions hold such that
Transition is complete when the organization capital level first reaches its steady state
To solve for the equilibrium, we first guess τ = τ 0 (starting from τ 0 = 0) and solve for M t ∈ (0, 1) ∀t < τ implied by the indifference condition (20) which is consistent with the initial state M 0 . We then verify whether the terminal indifference conditions (21) hold. If not, we try τ 0 +1. We repeat this guess-and-verify procedure until both sets of indifference conditions are met.
Transition Dynamics

Initial steady state
We do not model the economy before the "Industrial Revolution" which is our initial period. The Industrial Revolution is defined as an unexpected event where exogenous productivity growth first occurred in the modern sector. Before this event, we assume economies were in an initial steady state where traditional and modern sectors coexist, and the share of cohort entry into the modern sector M −i = M 0 is constant for all preIndustrial-Revolution periods i ≥ 0. The latter implies the labor-organization capital ratio
Define X IR as relative productivity level that is consistent with the coexistence of the two sectors in the initial steady state such that
This condition states that young agents are indifferent between entering the traditional or modern sectors in the initial steady state. Under this condition, the modern share of employment is indeterminate. Thus, economies can have different modern shares in initial steady states before the Industrial Revolution.
S-shaped transition and catapult effects
During transition, lifetime earnings are constant (at the traditional sector level) as long as young workers enter both the traditional and modern sector from the indifference condition (20) . Once transition is complete (i.e., everyone is in the modern sector) lifetime earnings follow a constant steady-state growth path at rate γ. The initial condition (22) In the absence of complementarity in the modern sector (i.e., F L M,t E M,t = 0), modern lifetime earnings simply grow at the rate γ, since from the initial period onwards the entire cohort of young workers enter the modern sector. The lifetime earnings path goes from being constant to growing at this constant rate from the initial period onwards. However, in the presence of complementarity in the modern sector, young workers will coexist in both sectors beyond period t = 0, which implies that lifetime earnings must follow the S-shaped path.
To provide intuition for the catapult effect, consider the case where there are no intergenerational spillovers (S T = S M = 0), hence the value of firms in each sector is zero. Then lifetime earnings are constant during transition up to period τ − 1 (one period before all young agents enter the modern sector), then converge to the steady-state lifetime earnings path by period τ +1 (when everyone is on the modern sector), generating a kinked S-shaped path. The transition from a constant level of lifetime earnings to a constantly growing steady state path of lifetime earnings takes two periods. The longer it takes to reach period τ − 1, the larger the gap in lifetime earnings relative to the steady state level, and this larger gap has to be closed within two periods. This generates the catapult effect.
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The properties of lifetime earnings dynamics are present in the dynamics of per capita income. A further issue which arises is that differences in the slope of the earnings profiles across sectors results in changes in per capita income due to sectoral compositional changes even when lifetime earnings do not change. Indeed in the quantitative analysis, this is how economies with higher initial modern sector labor share have higher per capita incomes.
Calibration 4.1 Labor efficiency of the model
We define aggregate labor efficiency A t such that
Efficiency units of labor in the traditional sector are assumed to take the form
This implies w T = e T = 1. The marginal product of labor equals the marginal product of organization capital in the traditional sector, and we measure output such that the marginal product of labor is unity.
Efficiency units of labor in the modern sector take the CES form
We take the case where there are no spillovers in organization capital in the traditional sector (i.e. S T = 0) as our benchmark. 18 We set S M = 2, so modern organization capital is transferred over two generations subject to discount factor λ. This highlights the role of organization capital of the modern sector and keeps the quantitative analysis as parsimonious as possible. In our simulations, the discounting of organization capital between generations through λ implies the quantitative role of allowing S M > 2 is not significant.
The parameters of the model are (β, µ, γ, α, λ, X IR ) but the sectoral efficiency gap parameter X IR is pinned down as a function of the rest of the parameters (β, µ, γ, α, λ)
by the initial indifference condition in equation (22) . Thus, we have five parameters to select (β, µ, γ, α, λ), which are set to fit the time series of per capita output and nonagricultural labor share for the U.S. for the 1820-2000 period, and the age-earnings profile, and dividend ratio of the U.S. in 2000. Before we detail the calibration procedure, we discuss how we map the variables in the model to the data in the following two subsections.
Labor efficiency and output per capita in the data
Simulation of the model makes predictions on the path of labor efficiency A t . Since we only observe historical data on per capita output y t , we need a method of converting changes in A t into changes in y t . This procedure is outlined below.
Consider the conventional aggregate production function of country i at date t
where Y i,t denotes total output, A i,t labor efficiency, L i,t the total labor force, h i,t the human capital per worker from schooling, K i,t the physical capital stock, and θ the labor share. We construct a series of labor efficiency levels
according to this aggregate production function. We use PWT as common across countries as suggested by Gollin (2002) . The index of total factor productivity T F P i,t = A θ i,t . Full details of data construction are in the Appendix.
Let k i,t denote per worker capital stock, and p i,t the labor force participation rate (labor force size divided by population size). The growth rate of per capita output y i,t is then (25) 
At annual frequencies, this is an accounting identity since the labor efficiency levels are constructed as residuals for each year from equation (24) . However, at frequencies longer than a year, the relationship between per capita output growth and labor efficiency growth is no longer an identity. This is because in the long-run, factor accumulation and labor force participation respond to labor efficiency. Given these findings, we assume the following long-run relationship between per capita output and labor efficiency (26)
This specification implicitly assumes that in the long run, all changes in per capita output are driven (directly and indirectly combined) by changes in labor efficiency. The parameter η corresponds to the labor efficiency elasticity of per capita output. The TFP elasticity of per capita output is given by
We estimate η from a linear regression ofẏ
assuming no constant, using the 36-year frequency data. Our benchmark estimate isη = 1.7, with a standard error of 0.16. We find this benchmark estimate is robust to alternative specifications of human capital measurement and labor share.
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The estimate ofη = 1.7 implies the TFP elasticity of per capita output is 2.6 at an aggregate labor earnings share of θ = . This is similar to the TFP elasticity of 2.8 obtained by Erosa, Koreshkova and Restuccia (2006) . 21 Their estimate is obtained by calibrating the human capital production function using cross-sectional earnings data for the U.S. We obtain our estimate using the long run cross-country growth relationship.
Our estimate ofη = 1.7 implies an income gap of factor 21 is consistent with a labor efficiency gap of factor 6.
Measurement of modern sector labor share
Data on the partition of the economy into modern and traditional sectors are available neither from national income and products accounts nor from nationally representative micro surveys. We proxy modern sector labor shares by the non-agricultural labor force share. Because modern technologies are used in agriculture and traditional technologies are used in non-agriculture, the use of this proxy must be considered with caution. Farming high-yield varieties of wheat and rice during the Green Revolution in India, farming of some specific fruits such as pineapple in Ghana (see Conley and Udry, 2005) , or shrimp farming in Thailand (see Jeong and Kim, 2006) are good examples of agricultural activities that belong to modern sector. On the other hand, some manufacturing and service activities such as metal processing by blacksmith or street vendor sales may well belong to traditional sector. That is, the biases of using non-agriculture labor share to represent modern sector labor share go both ways, offsetting each other, and hence the overall bias may not be large.
For developing countries, the non-agriculture labor share is likely to overestimate the modern labor share (mainly due to the presence of the traditional sector service activities).
This gap is likely to be larger for the poorest economies, since the share of the traditional sector in manufacturing and services is greater. For the richest economies, however, agriculture is likely to be a modern sector activity and the non-agriculture labor share is likely to underestimate the modern labor share. To avoid these systematic errors, we do not use the non-agricultural labor share data when this share exceeds 90% or falls below 10%. 22 In the applicable range, we believe that non-agricultural labor share is strongly correlated with modern labor share since the underlying source of structural change is common. 
Parameter selection
The five parameters of the model (β, µ, γ, α, λ) are matched to fit the time series of per capita output and non-agricultural labor share for the U.S. from 1820-2000, and the ageearnings premium and dividend ratio for the U.S. in 2000. In particular, the age earnings premium will capture the difference in factor prices between raw labor supplied by the young, and the returns to newly acquired organization capital accruing to the old.
One period of the model corresponds to 30 years in the data. The Industrial Revolution is assumed to occur between 1820 and 1850 and is represented as the arrival of sustained exogenous labor productivity growth of the modern sector at factor γ from 1850 onwards. Thus, t = 0 for 1820, and t = 6 for 2000. We assume agents treat the Industrial Revolution as unexpected, but have perfect foresight from then on.
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We assume the U.S. economy was in the initial steady state at t = 0, which was described in 3.5. That is, modern sector organization capital in 1820 is given by E M,0 = Λ M M 0 . The initial modern labor share for the U.S. is denoted by
This implies that aggregate average modern labor shares and cohort modern labor shares are equal such that ML 0,U S = M 0,US .
Once modern transition is complete, an economy reaches a new steady state where everyone works in the modern sector. The implied ratio of earnings of old to young is
The equation on the right-hand side is derived from the formula for young and old earnings expressed in terms of efficiency units of output, whereas data on the left hand side are earnings expressed in terms of output. However, since we are looking at the ratio of earnings this distinction does not matter.
Assuming that the U.S. completed the modern transition by the mid 20th century, we set parameters to be consistent with this ratio for the U.S. data. We compute the implied age-earnings profiles and take the ratio of average earnings of individuals of the 0-9 experience group to the average earnings of individuals of the 30-39 experience group as a measure of the age-earnings premium for EP ss , based on the estimates from Heckman, Lochner and Todd (2003) that report the age-earnings profiles of the U.S. for the 1940-1990 period using the Census data. 26 We take 3.4 (the average value of the ratios for the Census years 1940-1990) for EP ss in equation (27) .
In the new steady state, where modern transition is complete, the ratio of aggregate firm dividend to aggregate labor earnings is given by
We set parameters which are consistent with this ratio for the U.S. today. To measure DR ss , we use the National Income and Products Accounts (NIPA) data from the U.S. Bureau of Economic Analysis (BEA) that reports various dividends data as well as personal income data. 28 The average ratio of the total dividends to the normalized labor earnings is 0.22. Using domestic dividends, this ratio becomes 0.18. We take the average value 0.20 for DR ss in equation (28) . Again, note that although the data we use is expressed in terms of output, and the right hand side formula is derived for objects measured in efficiency units of labor, this distinction does not matter when comparing the ratios of objects above.
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The parameters of the model are (β, µ, γ, α, λ). The parameter selection procedure is as follows. We first fix values for (β 0 , µ 0 , γ 0 ) and solve for α and λ from the earnings equations (27) and (28) such that α 0 = α(β 0 , µ 0 , γ 0 ) and λ 0 = λ(β 0 , µ 0 , γ 0 ). Given parameters (β 0 , µ 0 , α 0 , λ 0 ), we solve for X IR that satisfies the initial steady-state condition (22) such that
Next, we choose (β 0 , µ 0 , γ 0 ) that best match the time-series of modern sector labor share and the per capita output of the U.S. for the 1820-2000 period, using a root-meansquared-error (RMSE) criterion at a given initial modern labor share for the U.S., denoted
(β, µ, γ) = arg min
and {y The initial modern share for the U.S. is set at d ML US,0 = 0.33. Applying the above calibration procedure, the benchmark parameter values chosen are reported in Table 1 . The growth factor parameter γ = 1.24 implies an annual average growth rate of labor efficiency of 0.7% for the long-term sample period 1820-2000. The intergenerational depreciation parameter λ = 0.24 implies an annual depreciation rate of organization capital of 4.6%. The discount factor parameter β = 0.05 implies an annual discount factor of 0.904. The estimate for β appears to be somewhat smaller than the typically calibrated values for the interest factor such as 0.95. The discount term β captures the intertemporal time preference for labor earnings during the 1820-2000 period, which is the product of a discount factor implied by the market interest rate and a discount factor implied by the rate of labor market exit. During most of this period, mortality and morbidity rates were much higher than they are today (or instance, U.S. life expectancy at birth was 50 in 1910, the middle of our sample period, and rose to 75 by the year 2000) so our benchmark value β = 0.05 (annual discount factor of 0.904) seems consistent with using a long term real interest rate factor that is lower than 0.95. In the sensitivity analysis section, we will simulate the model at higher values of β and how this affects the simulation and the alternative calibration strategies.
Simulation results
At the chosen parameters, we simulated the paths of per capita output and modern labor share for hypothetical economies differentiated only by their initial modern labor share in 1820. Figure 5a shows that economies with lower initial modern shares are poorer in 1820, and their per capita output levels remain stagnant for longer, the lower the initial share. The simulated labor efficiency is converted to per capita output according to (26) at η = 1.7. The documented pattern of S-shaped transition and catapult effect are evident in the simulation. In 1820, a simulated economy with 50% labor share in the modern sector is 2.4 times richer than an economy with 1% labor share in the modern sector. In
2000, that economy is 17.2 times richer.
A key feature of cross country inequality displayed in Figure 5a is that the magnitude of divergence of per capita output is amplified at low levels of initial modern labor share.
For instance, the maximum gap in log per capita output along the transition path between two economies with initial shares of 0.5 and 0.1 is much smaller than the maximum gap between two economies with initial shares of 0.1 and 0.01. This feature goes a long way in explaining why the gap in ratios of per capita output observed between Japan and South Korea during the 1970s was never observed between the U.K. and U.S., despite larger absolute differences in modern labor shares (as proxied by non-agricultural labor share) between the U.K. and U.S.
The general point to make here is that economies with low initial modern shares (say below 0.1) look very similar in terms of per capita output and economic structure in 1820. However, small differences in the initial modern shares can translate into big differences in per capita output along the transition path. Figure 5b combines Figure   5a with Figure 1 (normalizing by the U.S. per capita output level in 1820 in simulation and data respectively). Overall, we can see that the model is able to generate dynamics of per capita output which fit well the evolution of cross country inequality in the data.
Thus, we believe the model is useful for understanding the inequality dynamics among the currently rich economies.
Using the information in Figure 5a , we can assess the model's performance in capturing the catapult effect documented in Figure 2 . For economies differentiated by their initial modern labor shares, Table 2 Figure 6 shows that S-shaped transition and catapult effects are also evident for the simulated modern labor shares. Figure 7 documents the dynamics of the non-agricultural labor share in the data for our sample of rich countries. Comparing Figure 6 with Figure   7 , the model captures the overall dynamics of the modern share in the data, proxied by non-agricultural labor share.
Using modern labor shares to predict growth
Using the parameter values calibrated from the U.S. time series, we assess the ability of the model to predict the dynamics of non-agricultural labor share and per capita output for other economies. For each economy, we calibrate an initial modern labor share in 1820 consistent with the path of non-agricultural labor share during the years for which data is observed. Then for each economy we simulate the dynamics of per capita output from 1820 onwards and compare with data.
Note the calibrated parameter X = X IR from (22) , ensures the lifetime earnings are equalized between sectors in 1820. However, due to discounting, when the earnings profile of workers in the modern sector is steeper than the traditional sector, the per capita output is higher in economies with higher modern labor shares.
For most countries there is no data for non-agricultural labor shares in 1820. We choose the initial modern labor share for country i, d ML i,0 , that best matches the transition paths of modern sector labor share using the root-mean-squared-error criterion. That is, is not modelled in the current analysis. Overall, however, we believe the model provides a useful framework to match structural change to per capita output growth.
Non-rich Countries
This section discusses the application of our model to non-rich economies with per capita output under $12000 in 2002. Figures 10a-10d show per capita output dynamics for such economies with per capita output data dating back to 1900 or earlier in Maddison (2006) . This data is organized by region and compared with the simulated per capita output paths of the model using different initial modern sector labor shares.
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The performance of the model varies by geographic region and by time period. In Figure 10a , the model matches well the trends in evolution in per capita output of Eastern European countries up until 1970. In Figure 10b (2008)). To facilitate comparison with Figure 13 , the per capita output in Figure 13 and GDP per worker in sectors (where we use agricultural labor share as proxy for traditional labor share), the degree of TFP differences measured in growth accounting will be substantially reduced.
Sensitivity analysis
We vary each of the parameters (β, µ, γ) and initial modern labor share for the U.S. d ML US,0 at ±50% from their benchmark values reported in Table 1 . The parameters (α, λ) are then given by equations (27) and (28) as before. The ranges of variation are reported in Table 4 . The calibration of the model to the U.S. is robust to these variations in (β, µ) , while variations in γ and d ML US,0 can lead to substantial deviations from the U.S. data. The calibrated level of β becomes substantially higher when we adopt higher values for the labor efficiency elasticity of per capita output η. η is not a parameter of the model, but is an important parameter in the quantitative analysis. A higher η implies smaller differences in A i,t can account for the observed differences in per capita output from (26).
In our benchmark calibration, we use an estimated value for the labor efficiency elasticity of per capita output η = 1.7. This estimate is very similar to that derived by Erosa, Koreshkova and Restuccia (2006) . There may be factors such as schooling quality and on the job training investments which make this elasticity higher than this value as argued by Manuelli and Seshadri (2005) . Using a slightly higher value for η = 2.5, the resulting calibrated β = 0.16 implied by the annual discount rate 0.94. Using a value for η = 4, the resulting calibrated β = 0.4 implied by the annual discount rate 0.97. Given an aggregate labor earnings share of θ = 
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In Appendix, Figure A .2b we show that allowing for complementarity in the production function for the traditional sector can imply higher values for β. In this simulation, β = 0.16 is consistent with the benchmark simulations for the path of modern labor share for the U.S. and Japan when we set modern sector complementarity at µ modern = −1 and traditional sector complementarity at µ traditional = −1, where the factor share parameter is equalized between modern and traditional sectors.
To highlight the quantitative role of organization capital affecting output across generations, we compare the benchmark simulation with an economy where S M = S T = 0 (coinciding with setting λ = 0). In this case, organization capital is only supplied by old workers in the period when they work. Thus, setting λ = 0 and holding other parameters constant, we find that modern transition occurs much more rapidly for each initial value of modern labor share. We compare the path of per capita income for this technology versus the benchmark technology in Appendix Figure A .2c for the case where initial modern share is 0.33 (the calibrated initial share for the US) and 0.13 (the calibrated initial share for Japan).
Conclusion
We constructed and quantitatively assessed a model of S-shaped transition with catapult effects. Using the non-agricultural labor share as proxy for the modern sector labor share, we showed that the model accounts well for the dynamics of per capita output and modern labor share, both among today's rich economies and poor economies. Our main message is that an important aspect of the quality of human capital is its composition in terms of modern versus traditional organization capital. Incorporating this into growth accounting (both in cross section and time series) will reduce the size of TFP differences.
Previous studies have documented the low productivity of workers in agriculture relative to other sectors in developing countries, and have been puzzled by why such countries devote so much of their labor force to this relatively unproductive sector (for instance Caselli (2005) ). Our model suggests the presence of sector-specific complementarity can contribute to solving this puzzle. This paper illustrates the path of transition and specifically the timing of take-off in aggregate output are functions of historical endowments. Policies which speed up transition to the modern sector encourage growth by bringing forward the timing of transition. However, the success of the model in replicating the transition dynamics of a large group of economies, suggests that the historical endowment of organization capital may well be the main determinant of the contours of their development paths.
A Appendix
A.1 Cross-country Data
We use PWT 6.1 data to construct the cross-country per capita output and labor productivity for the period 1950-2000. The time period that maximizes the sample country is 1960-1996, which is used for our estimation of η. The measured variables are constructed as follows. The per capita output (RGDPL or RGDPCH) and per worker output (RGDP-WOK) are directly observed from PWT data. We also observe investment rate data (KI, measured in percent), population data (POP, measured in 1000 people). Capital stock is constructed following a standard perpetual inventory method. We first recover the investment amount I t such that I t = RGDPL*(POP*1000)*(KI/100).
Initial capital stock is constructed assuming constant growth rate of investment around the initial period such that
,where g is the geometric average growth rate of investment between 1960 and 1970, δ the depreciation rate of physical capital stock set at 0.06, and I 0 the initial investment level. Given this initial capital stock K 0 , the physical capital stock is constructed by the simple law of motion 
A.2 U.S. Age-Earnings Premium Table A1 reports the estimates of age-earnings premium in U.S. using the Census data (for white males sample), reproduced from Table 2 in Heckman, Lochner and Todd (2003).
Our measure of age-earnings premium EP ss is obtained using these estimates (standard errors are in parentheses). Economies heavily reliant on oil are not included. 4 Many economies (such as Japan and South Korea) experienced sharp drops in per capita output following the second World War. Even if we ignore the first decade of post war growth (attributing it to recovery), the S-shape pattern is present. For South Korea, only part of the S-shape pattern is present, but convergence to the frontier will result in decelerating growth rates in the future. 6 Full sample consists of economies with per capita output data dating back to 1900 or earlier in Maddison (2006) . Graphs for the full sample are compared with simulated outcomes later on.
7 Similarly, Comin, Easterly and Gong (2006) highlight the predictive power of technology adoption a millenium ago on cross country income differences today. 12 The parameter γ represents the exogenous growth factor in the real value of output from either advances in production techniques or due to demand effects, which we do not distinguish. 13 The mapping from aggregate efficiency units to output is specified later.
14 S k = 0 implies that there are no intergenerational spillovers in organization capital in sector k. 15 We will introduce complementarity in the traditional sector as well in the following sensitivity analysis to show its quantitative effects. 16 That is, we assume
17 Note the sufficient ingredients for the S-shaped transition and catapult effect are presence of productivity growth in modern sector and the complementarity of labor and sector-specific organization capital in modern sector. In particular, the existence of firms which embody the organization capital of previous generations of workers is not necessary except to improve the quantitative performance of the model as we show below.
18 This keeps the analysis parsimonious, and later in the sensitivity section, we discuss results when
19 The 36-yearly data is calculated between 1960 and 1996, which is the longest time frame feasible for most countries in the PWT 6.1 data. 20 In our benchmark growth accounting, we imputed h i,t following Hall and Jones (1999) , where the returns to schooling vary by the level of schooling. Allowing country-specific returns to schooling as in 21 Manuelli and Seshadri (2005) obtain a substantially higher TFP elasticity of 8.
22 Including the proxy above 90% and below 10% does not affect the results much since this bias cannot be large. Figure 7 and Figure 14 show the full range of non-agricultural labor shares. 23 Jeong and Kim (2006) identify the partition of the economy into modern versus traditional sectors using individual earnings and occupational category data for Thailand between 1976-1996. They could identify the modern-versus-traditional sector partition of the economy at the 3-digit occupational category level. Despite the coexistence of traditional and modern sectors in agriculture and non-agriculture, they find that the traditional sector is prevalent in agriculture, and the modern sector is prevalent for nonagriculture. 24 Simulating growth from the initial steady state of the Industrial Revolution facilitates analysis as follows. In this steady state, equilibrium modern sector cohort shares are time invariant, and the initial stocks of organization capital across sectors can be inferred from the sectoral distribution of labor in 1820. Out of the initial steady states, determining the state of the economy requires knowing the sectoral distribution of labor over 3 generations corresponding to 90 years of data. This leaves much fewer data periods available for comparison with simulation outcomes. 25 
Recall that S
, we get this formula. 26 See Table A1 in the Appendix for the estimates. 27 The dividend and labor earnings in the modern sector are defined in equations (4) and (13) . Applying our CES specification for F (L M,t , E M,t ) to (4) and (13), we get this formula. 28 We take total compensation to employees, which includes wages and salary disbursement and supplemental compensation such as employer contribution to employee pension and insurance funds, as our labor earnings measure. Then, we normalize this earnings data by the per worker human capital from schooling h i,t , which is not in the model but in the data. There are two main categories of dividends data, "domestic" and "rest of world." The "rest of world" dividends measure the earnings of U.S. residents remitted by their unincorporated foreign affiliates. We compute the dividends ratios using both total dividends and domestic dividends. Detailed data are available upon request. worker's matches to the tasks of the firms, hence at least some part of its contribution is paid to workers.
Both views are captured in our model where part of the returns to organization capital accrue to old workers in the form of experience premium in earnings and part accrues to the owners in the form of dividends. 30 The actual ML US,0 = 0.3. We adjust d ML US,0 in the range (0.20, 0.30) that best generates the dynamic path of the U.S. modern labor share. 31 The US economy is simulated with initial modern share of 0.33. We equate the per capita income of this simulated economy with that of the US in 1820. This implies a per capita output level of $2000 corresponds to 0.46 and $12000 corresponds to 2.26 of the log scale in Figure 5a . 32 Again, only economies with populations over one million are included. Data for periods when an economy has a population under one million are also excluded. Economies heavily reliant on oil are not included. 33 We may also speculate on the sources of such specific deviations. Socialist economic policies for Eastern Europe since 1970, macroeconomic instabilty for Latin American economies since 1980 etc. 34 Chinese labor force share data from China Statistical Yearbook. 35 Holding η = 1.7 (the benchmark value), we consider larger changes in β than those considered in 
